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was then constructed from the selected lineages using MrBayes (Huelsenbeck and 176 Ronquist 2001) with a GTR-inv.gamma model allowing for 6 different gammacategories. The total run length was 1000000 with trees sampled every 200 th step. After 178 discarding the first 10000 trees, the remaining trees were used to construct a consensus 179 tree. The phylogeny was visualised using MEGA 5.0 (Kumar et al. 2008 ) 180
Statistical analysis 181
Age-related variation in prevalence 182
We used generalized additive models (GAM) to accommodate potentially non-183 linear relationships between parasite prevalence and age , Wilson 184 2002 lineage. Once GAMM model selection was completed using maximum likelihood, the 205 model was refitted using REML for extraction of parameter estimates. These analyses 206
were conducted using the packages mgcv 1.7-13 and gamm4 0. 
population in particular), we take the lack of virulence as a starting assumption for our 224 catalytic models. We re-examine this assumption in the Discussion. immunity. Adopting the conventional language of epidemiology, we refer to these as the 235 SI-, SIS-, and SIR-case, respectively. Since the FOI will differ among strains when either 236 the prevalence or the transmission rates (or both) vary by strain, we consider two further 237 possibilities for each scenario: the FOI is constant with respect to the strain; or the FOI 238 varies by strain. Thus, we fit a total of six models to our age-prevalence data. In each, we 239 assume that co-infection does not occur, an assumption justified as all sequence 240 electropherograms were carefully examined for mixed infections and none was observed 241 (Pérez-Tris and Bensch 2005). While we accept that these modelling assumptions place 242 restrictions on the conclusions that may be drawn from our analyses, we believe that this 243 modelling approach is justified by the utility of estimating FOI, which is often difficult to 244 The infection matrix has the form 257
where is the probability an individual avoids infection over the course of a year and 259 is the probability that an individual is infected by strain i. These probabilities are 260 expressed in terms of the FOI for each strain, , such that and 261
. The likelihood is then 262
where denotes the status of individual . Readers familiar with survival analysis will 264 recognise that the FOI can also be estimated with a competing risks survival model, 265
where the "hazard" associated with each infection process is . However, we use the 266 above formulation because it is easily extended to incorporate recovery. 267
In order to construct the likelihood for the SIS-and SIR-case we assume that the 268 infection and recovery processes occur independently and sequentially each year. This 269 approximation, which simplifies the modelling, is justified by the observation that insect 270 vectors are absent over the winter, so that transmission necessarily occurs in late spring 271 and summer. We also assume that within-year recovery during the spring/summer 272 transmission period is negligible, and can be ignored; an assumption that may be justified 273 on two counts: Firstly, previous studies of avian haemosporidia indicate that if a bird 274 survives the initial acute phase of infection, usually occurring on being first exposed to 275 infection as a juvenile, there follows a chronic phase of infection that persists for an 276 extended period of time at low parasitaemia (Valkiūnas 2005 , Zehtindjiev et al. 2008 . 277
Most individuals in this study were sampled as adults with no noticeable symptoms of 278 infection, so we assume that these infections are in the chronic, stable, low intensity 279 phase of infection and therefore unlikely to change infection status during the 280 transmission period. Secondly, between-year repeatability of individual avian malaria 281 infection is lower than within-year repeatability (Knowles et al. 2011 ). In the SIS-case 282 with strain varying FOI, the matrix projection model used to construct the likelihood has 283 the form 284 , 
288 where denotes the probability that an individual remains infected over autumn and 289
winter. This probability is expressed in terms of the recovery rate, , such that . 290
The likelihood is then given by equation 3 above. In the SIR-case with strain varying FOI 291 the matrix projection model used to construct the likelihood has the form 292 , 
296 where denotes the probability that an individual remains infected over autumn and 297 winter, which is expressed in terms of the recovery rate, , such that . The 298 likelihood is again given by equation 3 above, but with age specific distribution vector 299 replaced with , where the are the elements of and 300
. This is because we do not (explicitly) track the immune class, 301 yet the observed uninfected class includes both susceptible and recovered individuals. 302
The strain-independent FOI version of each model is obtained by simply setting 303 in infection matrix . Calculation of the likelihood and likelihood 304 Age-specific variation in prevalence 347
On examining the age-dependent pattern of infection of pooled Haemoproteus infections, 348 infection appeared to rise steeply in older individuals, reaching a plateau of 80.6(±5.9)% 349 prevalence at ten years of age: overall a significant age-prevalence relationship (GAM:Analysis of deviance χ 2 =14.6, est.df=2.18, P=0.020; Figure 2a) The relative performance of the six catalytic models is summarised in Table 1 . The best 365 model was the strain-independent force-of-infection (FOI) version of the susceptible-366 immune-recovered (SIR) model; this model predicts that the FOI does not vary among 367 strains, and that individuals recover into a fully immune class. However, the AIC 368 differences associated with the three remaining models that also include recovery 369 processes were all less than 1, revealing very similar weights of evidence for these 370 alternatives. The AIC difference of both models excluding the recovery were greater than 371 10, indicating that models excluding a recovery process were (relatively) very poor 372 approximating models for the age-prevalence data. Taken together, these results providestrong evidence against the possibility that Haemoproteus infections are life-long in the 374
Abbotsbury mute swan population. However, our analysis was unable to resolve the 375 nature of the recovery process (i.e. no significant preference between susceptible-376 immune-susceptible (SIS) and SI-recovered (SIR) models), and was not able to establish 377 unequivocally whether the FOI varies among strains. 378
The maximum likelihood estimate of the per-strain FOI under the best model 379 (SIR) is 0.10 (0.07-0.15, 95% CI), which implies that the annual probability of infection 380 by any strain is 0.26 (0.18-0.36, 95% CI), whereas the estimated per-strain FOI under the 381 strain-independent FOI model (capturing recovery back into a susceptible class: SIS) was 382 very similar to that of the best model (0.12, 0.07-0.25 95% CI), implying a similar annual 383 probability of infection by any strain (0.30, 0.20-0.53 95% CI). Although the predicted 384 recovery rate under this alternative model was relatively higher than that of the best 385 model, this rate is still very low (0.076, 0.023-0.19 95% CI) and corresponds to an annual 386 recovery probability of only 0.08 (0.02-0.18 95% CI). 387
The predicted age-prevalence curves under each of the fitted models are 388 summarised in Figure 3 . Figure 3a shows the predicted relationship under the models 389 assuming strain-independent FOI. It is clear that both the SIR and SIS models yield very 390 similar relationships, which explains why we were unable to resolve differences among 391 the two types of model. The remaining three figures (3b-d) summarise the predictions 392 derived from the models allowing between-strain variation in the FOI. Though among 393 strain differences in the predicted age-prevalence relationships can be detected 'by eye', 394 this variation is very low (Table 1) . 395 water birds making it difficult to draw comparisons with other, more intensively surveyed 517 taxa (mostly Passeriformes), generally smaller birds that can be conveniently sampled by 518 mist-netting or while breeding in artificial nest boxes. 519
In conclusion, this study found a high prevalence of avian malaria infection in a 520 mute swan colony comprised of three lineages of Haemoproteus, two of which were 521 novel. Age-dependent variation in infection was found for just one of these lineages. 522 
